Objectives: The microenvironmental niche plays the key role for maintaining the cell functions. The stem cells from apical papilla (SCAPs) are important for tooth development and regeneration. However, there is limited knowledge about the key factors in niche for maintaining the function of SCAPs. In this study, we analyse the gene expression profiles between apical papilla tissues, SCAPs and SCAPs cell sheet to identify the key genes in SCAPs niche.
| INTRODUCTION
In dental clinic, trauma and infection will cause development of immature permanent teeth root to stop. Now apexification and blood capillary regeneration were applied to promote root formation.
However, these two kinds of treatment have the limitations and poor prognosis. 1, 2 Today, utilizing mesenchymal stem cells (MSCs) and tissue engineering techniques to reconstruct the immature dental root may be the optimistic therapeutic implications. Stem cells derived from dental tissues, such as dental pulp, periodontal ligament, apical papilla and dental follicle, are considered as a new adult stem cells that could be used for tissue engineering and regenerative medicine. [3] [4] [5] [6] [7] [8] They are multipotent, destined for osteo/dentinogenic lineages and other lineages such as melanocytes, endothelial cells and functionally active neurons, and capable of self-renewal. 9 The apical papilla is essential for tooth development, and stem cells from the apical papilla (SCAPs) represent a population of early mesenchymal stem/progenitor cells residing in the root apex of immature permanent teeth. 10 These postnatal stem cells can generate the calcium nodules in the osteo/ odontogenic medium in vitro. Besides, they can bring about the formation of bone-like tissues and dentin-like tissues in vivo. 11 In addition, recent clinical reports indicate that SCAPs are important to the apexogenesis of developing roots and continuous root maturation in teenagers suffering from the endodontic diseases and periapical lesions.
12
Many studies in terms of tooth regeneration are based on SCAPs and have witnessed exciting progress. 13 Therefore, stem cells from the apical papilla are a reliable resource for dental tissue regeneration.
Microenvironmental niche supports and maintains the selfrenewal, differentiation and regeneration potentials of MSCs, and now ongoing research is starting to illuminate important aspects of the microenvironmental niche of MSCs. The microenvironmental niche is also an important factor in determining the behaviour of cells and the morphogenesis of teeth. In tooth tissue, stem cells, the growth factors and extracellular matrix (ECM) in niche, and their multiple interactions determine the tooth development, eruption and the biological basis.
However, limited by the current methods, the niche cannot be maintained when MSCs are isolated and cultured in vitro. Disruption of the niche may impede the MSC-mediated tooth regeneration. [14] [15] [16] In last decades, tissue regeneration techniques mainly depend on scaffoldbased approaches. In dental root engineering, MSCs usually combine with the scaffold materials to regenerate the dental root. Scaffoldbased methods caused the insufficient cell migration, host inflammatory reactions, limited microscale vascularization, cell proliferation ability compared to degradation of scaffold and the incapability for regenerating functional tissues. Recently, use of continuous cell sheet technology brings more attention of scholars. As endogenous bioactive scaffolds, cell sheet preserve the normal cellular junctions, endogenous ECM, mimicking cellular microenvironments and store the mechanical, chemical and biological properties, which may be beneficial for tissue regeneration. [17] [18] [19] [20] [21] [22] Except the structure, the microenvironmental niche also has complex genes regulation, especially the growth factors, which largely affect the function of MSCs. Whether the cell sheet could restore the genes regulation in niche remains unclear.
In this study, we analyse the gene expression profiles between apical papilla tissues, SCAPs and SCAPs cell sheet to identify the key genes in SCAPs niche by microarray and bioinformatic analysis, and investigate whether SCAPs cell sheet recover the genes regulation in niche. Furthermore, we investigate the function of candidate growth factor in niche by in vitro cell proliferation and differentiation assays.
Our results identified the key candidate genes in niche to promote MSC-mediated dental tissue regeneration. 
| MATERIALS AND METHODS

| Tissue collection, isolation and culture of mesenchymal stem cells and cell sheets
| RNA preparation and microarray analysis
Tissues from apical papilla (n=5), SCAPs (n=5) and SCAPs cell sheet (n=5)
were briefly rinsed with PBS and lysed in TRIzol reagent (Invitrogen) for RNA extraction. Total RNA was extracted from the tissues and cells using TRIzol and the RNeasy mini kit (Qiagen, Hilden, Germany), and RNA quality and quantity were confirmed by multiImager and spectrophotometer (Meriton, Beijing, China). Gene expression profiles were analysed with the human 1.0ST GeneChip (Affymetrix Santa Clara, CA, USA), strictly following the manufacturer's protocol. Microarray experiments were performed at the Genminix Informatic Ltd (Shanghai, China) with the microarray service certified by Affymetrix.
| Bioinformatic analysis
The differentially expressed genes were selected using TwoClassDif.
Gene ontology (GO) analysis was applied to determine the main function of the differentially expressed genes according to GO, which is the key functional classification of the NCBI. 23 Pathway analysis of differentially expressed genes was performed based on KEGG and BioCarta database. 24, 25 Signal-net maps were also constructed to present the interaction of molecules based on KEGG. 26 
| CCK8 assays
Stem cells from apical papilla were seeded at a density of 
| CFSE assays
Stem cells from apical papilla were stained according to the CellTrace™ 
| ALP activity assay and alizarin red staining
Stem cells from apical papilla were grown in mineralizationinducing medium using the StemPro osteogenesis differentiation kit 
| Neurogenic differentiation induction
Stem cells from apical papilla were seeded at a density of 2.0 × 10 5 cells/well into low adhesion plates. SCAPs were grown in modified neurogenic differentiation medium (Neurobasal-A; Invitrogen) with 2 mmol/L glutamine, 100 U/mL penicillin, 100 μg/mL streptomycin (Invitrogen), 20 ng/mL EGF, 40 ng/mL bFGF and 20 μg/mL B27 (R&D system). After induction, neuron-like cells were observed by using microscope. The real-time reverse transcriptase-polymerase chain reaction (RT-PCR) was used to detect the neurogenic differentiation markers.
| Angiogenic differentiation induction
Stem cells from apical papilla were seeded at a density of 1.0 × 10 5 cells/well into six-well plates. SCAPs were grown in vascular differentiation medium (M199; Invitrogen) with 10% FBS (Invitrogen), 2 mmol/L glutamine, 100 U/mL penicillin, 100 μg/mL streptomycin (Invitrogen), 10 ng/mL VEGF and 5 ng/mL bFGF (R&D system). After induction, real-time RT-PCR was used to detect the angiogenic differentiation markers.
| Reverse transcriptase-polymerase chain reaction and real-time RT-PCR
Total RNA was isolated from SCAPs with Trizol reagents (Invitrogen).
We synthesized cDNA from 2 μg aliquots of RNA, random hexamers or oligo(dT), and reverse transcriptase, according to the manufacturer's protocol (Invitrogen). Real-time PCR reactions were performed with the QuantiTect SYBR Green PCR kit (Qiagen) and an IcycleriQ
Multi-color Real-time PCR Detection System. The primers for specific genes were shown in Table S2 .
| Statistics
All statistical calculations were performed using spss 10 statistical software. Student's t test was performed to determine statistical significance. A P-value ≤.05 was considered statistically significant.
| RESULTS
| Comparison of gene expression profiles between apical papilla tissues and SCAPs, and SCAPs and SCAPs cell sheet
First, we screened the gene expression patterns between apical papilla tissues and SCAPs using the human GeneChip. From the microarray data, 2049 genes were differently expressed in SCAPs compared with apical papilla tissues, with 846 genes up-regulated and 1203 genes down-regulated in SCAPs compared to in apical papilla tissues (Table   S3 ). Furthermore, we screened the gene expression patterns between SCAPs and SCAPs cell sheet. From the microarray data, 290 genes were differently expressed in SCAPs cell sheet compared with SCAPs, with 240 genes up-regulated and 50 genes down-regulated in SCAPs compared to in SCAPs cell sheet (Table S4) . To confirm the reliability of the microarray data, three up-regulated genes (S100A4, FOXM1, FGF5) and three down-regulated genes (CXCL14, IGF2, BMP6) in SCAPs were chosen, and the expressions of these genes were detected by real-time RT-PCR. The results showed that the expressions of these six genes were consistent with the microarray results in apical papilla tissues, SCAPs and SCAPs cell sheet, confirming the reliability of the microarray data (Table 1) . Furthermore, based on data statistics, we found that only 31 genes expressions in apical papilla tissues were recovered in cell sheet compared with SCAPs (Table S5 ).
| Bioinformatic analysis of microarray data
Finally, bioinformatic analysis was executed to discover the key factors that controlled the SCAP functions. First, GO analysis was applied to analyse the main function of the differentially expressed genes according to the gene ontology, which is the key functional classification of NCBI. The result showed that the top-five GOs were responsible for cell adhesion, cell division, regulation of cell proliferation, extracellular structure organization and cell cycle process (Fig. S1) . Similarly, pathway and path-net analyses were used to determine the significant pathway of the differentially expressed genes according to the KEGG, and Biocarta and Reatome databases. We identified that the TGF-β signalling pathway may play an important role in SCAPs, and that WNT and MAPK signalling pathways are also likely involved (Fig. S2) . To further investigate the global network, we computationally identified the most important nodes by signalnet analysis. ITGA9, PIK3R1, PIK3CG, FOS and ENTPD1 were determined to be the important genes by high betweenness centrality calculation (Fig. S3 ).
| BMP6 enhanced the osteo/dentinogenic differentiation potential of SCAPs
Stem cells from apical papilla were cultured in mineralizationinducing medium with 0, 5, 20 or 50 ng/mL rhBMP6. After 3 days, ALP activity results showed that 20 or 50 ng/mL rhBMP6 could increase ALP activity of SCAPs, while 5 ng/mL rhBMP6 had no effect 
| BMP6 prompted the expressions of neurogenic and angiogenic differentiation markers in SCAPs
Stem cells from apical papilla were culturing with neurogenicinducing medium with 20 ng/mL of rhBMP6 or without rhBMP6 for 10 days, we examined the neurogenic differentiation markers includ- Figure 2D) . However, the expressions of PDGF, VEGF and HGF were not significantly different after BMP6 treatment (data not shown).
T A B L E 1 Gene expression detected by real-time RT-PCR in apical papilla tissues, SCAPs and SCAPs cell sheets
| BMP6 increased the cell proliferation ability of SCAPs
CCK-8 assay was used to evaluate cell proliferation of SCAPs with 20 ng/mL of rhBMP6 or without rhBMP6 for 2 days, and we found that the OD value of BMP6-treated SCAPs was significantly higher than the untreated group at 1 and 2 days ( Figure 3A) . To further confirm the results of cell proliferation, we detected the cell proliferation indexes by CFSE cell proliferation assays. The result also showed that the cell indexes of SCAPs with BMP6 treatments were much higher than SCAPs without treatments ( Figure 3B ,C).
| DISCUSSION
Stem cells from apical papilla are important for tooth development and regeneration. A key variable for successful tissue regeneration is the microenvironmental niche in which cells and tissues grow. 27 In present study, in order to illuminate important aspects of the microenvironmental niche of SCAPs, we identify the key genes in SCAPs niche by microarray and bioinformatic analysis based on the analysis of the gene expression profiles between apical papilla tissues and SCAPs, and SCAPs and SCAPs cell sheet. And then we investigated whether SCAPs cell sheet could recover the genes regulation in niche.
By Gene Chip analysis and further data statistics, only 31 gene expressions were recovered in cell sheet compared with SCAPs niche. These By bioinformatic analysis, we identified several important signalling pathways and genes which might regulate the SCAPs functions, and found that the TGF-β, WNT and MAPK signalling pathway may play an important role in SCAPs. TGF-β signalling pathway could promote osteoblastic differentiation and maturation in early stage and obstruct osteoblastic differentiation in late stage and mineralization. 28 Wnt signalling pathway is involved in cell differentiation, bone homeostasis and bone formation. 29, 30 The inductive and inhibitory effect of Wnt signalling pathway on osteogenic differentiation were both reported depending on microenvironment, cell types and other supplements. 31 The MAPK signalling pathway transmits signals from the cell membrane into nucleus, exerting an important role in regulation of cell differentiation. 32, 33 Furthermore, ITGA9, PIK3R1, PIK3CG, Fos and ENTPD1 were determined to be the important genes by high betweenness centrality calculation. ITGA9 is one of the integrin subunits which mediate cell-cell and cell-matrix adhesion, 34 could facilitate cell migration and regulate diverse biological functions such as angiogenesis, lymphangiogenesis, cancer cell proliferation and migration. 35 PIK3R1 encodes the p85, p55 and p50 regulatory subunits of class IA phosphatidylinositol 3 kinases (PI3Ks), which are known to play a key role in insulin signalling. 36 The PIK3CG gene is located in a commonly deleted segment of chromosome 7. This gene plays an important role in maintenance of the structural and functional integrity of epithelia. 37 Fos is a trans-acting factor that is capable of stimulat- In order to identify the function of candidate growth factor in niche, we choose one BMPs protein, BMP6, which was 12 times highly expressed in apical papilla tissues than that in SCAPs, to investigate the function on the directed differentiation and cell proliferation potentials of SCAPs. BMP6 was more potent and consistent than BMP2
and BMP7 in inducing osteoblast differentiation in primary MSCs. 49 In addition, another study proved that BMP6 may be unique among the BMP family in mediating terminal osteoblast differentiation in human-derived cells. 50 Growth factor's effect on cell proliferation and differentiation will be various, depending on the cell species, the culture conditions and the concentration of the growth factor. factors OSX and RUNX2. Therefore, we concluded that BMP6 can enhance the osteo/dentinogenic differentiation potential of SCAPs, which were consistent with previous reports. 52 We also investigate the effect of BMP6 on the neurogenic and angiogenic differentiation potentials of SCAPs. Real-time RT-PCR results showed that neurogenic differentiation markers, including TH-1, NeuroD, NCAM, and angiogenic differentiation marker, ANG1, were more strongly induced in 20 ng/mL rhBMP6-treated SCAPs compared with untreated group. In addition, we investigated the proliferation potentials of SCAPs. CCK-8
and CFSE assays showed that 20 ng/mL rhBMP6 could increase the proliferation ability of SCAPs. Taken together, these results suggest that BMP6 could promote the proliferation and osteo/dentinogenic, neurogenic and angiogenic differentiation potentials of SCAPs.
In summary, our study provides insight into the mechanisms of stem cells niche to regulate the stem cells function, provide the key target genes and certain theoretical basis to maintain the stem cell characteristics and promote stem cell-mediated dental tissue regeneration. Our results also demonstrated that one candidate growth factor, BMP6 significantly enhanced the cell proliferation and directed differentiation abilities of SCAPs, indicating that BMP6 might be the 
